Adult hematopoietic stem cells (HSCs) exist in a relatively quiescent state in the bone marrow (BM) microenvironment to fulfill longterm self-renewal and multilineage differentiation functions, an event that is tightly regulated by extrinsic and intrinsic cues. However, the mechanism coordinating the quiescent state of HSCs and their retention in the BM microenvironment remains poorly understood. In a conditional-knockout mouse model, we show that Cdc42 ؊/؊ HSCs enter the active cell cycle, resulting in significantly increased number and frequency of the stem/progenitor cells in the BM. Cdc42 deficiency also causes impaired adhesion, homing, lodging, and retention of HSCs, leading to massive egress of HSCs from BM to distal organs and peripheral blood and to an engraftment failure. These effects are intrinsic to the HSCs and are associated with deregulated c-Myc, p21 Cip1 , ␤1-integrin, and Ncadherin expressions and defective actin organization. Thus, Cdc42 is a critical coordinator of HSC quiescence maintenance and interaction with the BM niche.
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bone marrow microenvironment ͉ cell cycle ͉ adhesion A dult hematopoietic stem cells (HSCs) exist in a relatively quiescent state in the bone marrow (BM) microenvironment to execute long-term self-renewal and multilineage differentiation functions (1) (2) (3) . The maintenance of HSC quiescence involves both extrinsic and intrinsic mechanisms. A number of genes that encode cell cycle or transcriptional regulators, including p21 Cip1 , p27 Kip1 , ␤-catenin/axin, cyclin D1, and c-Myc (4, 5) , have been shown to regulate the intrinsic programs of HSCs in this process. In addition, interactions of HSCs with the BM microenvironment in specific anatomical and functional areas, referred to as niches, in the maintenance of HSC quiescence have also gained increasing recognition (6) . One hypothesis is that the intrinsic and extrinsic cues, such as bone morphogenic proteins, Ca 2ϩ , Notch ligands, and/or Ang-1/Tie2 (7) (8) (9) (10) , in the BM microenvironment may coordinately regulate the HSC quiescent state.
Despite of the identification of these molecular factors in HSCs and in BM that may collectively contribute to the maintenance of quiescence (7), the mechanism coordinating HSC cell cycle regulation and niche interaction remains unclear. Cdc42 is a ubiquitously expressed member of the Rho GTPase family involved in the regulation of multiple cell functions, including actin polymerization, cell-to-cell or cell-to-extracellular matrix adhesion, and gene transcription (11) . Although its function has been extensively studied in various cell systems by expression of dominant negative or constitutively active mutants (12) , the physiological roles of Cdc42 in most primary cell lineages, particularly in HSCs, remain unclear. Previously, in a gain-of-Cdc42 activity, Cdc42GAP
Ϫ/Ϫ mouse model, we have found that constitutively increased Cdc42-GTP species cause increased hematopoietic progenitor apoptosis, disorganized actin structure, and defective engraftment without affecting the cell cycle status (13) . To further define the role of Cdc42 in HSC regulation, in this study, we present a conditional-knockout mouse model in which the cdc42 gene is inducibly deleted in hematopoietic cells. Our results unveil a role of Cdc42 in maintaining HSC quiescence and in retaining HSCs in the correct location in the BM niche by regulating the expression of a number of key cell cycle regulators (including c-Myc and p21
Cip1 ) and cell adhesion molecules (such as ␤1-integrin and N-cadherin) and the actin structure.
Results and Discussion
Loss of Cdc42 from HSCs Results in Altered Frequency and Distribution of HSCs. Conventional cdc42 gene-targeted mice die at embryonic day 7.5 (14) , precluding a detailed analysis of Cdc42 function in HSCs with this animal model. To circumvent this experimental limitation, we have generated conditional gene-targeted mice with exon 2 of cdc42 gene containing translation initiation codon and nucleotide binding sequences flanked by a pair of loxP sequences [supporting information (SI) Fig. 7 ]. For examination of the role of Cdc42 in HSC regulation, we cross-bred cdc42 loxP/loxP mice with transgenic Mx1-Cre mice to allow IFN-inducible cdc42 gene excision in hematopoietic cells (Fig. 1A) . At 5 days after the administration of three doses of poly(inosinic acid)⅐poly(cytidylic acid) [poly(I⅐C)] to induce an IFN response in Mx1-Cre;cdc42 loxP/loxP mice, the total cellularity of BM did not change (data not shown), but the floxed cdc42 gene sequences and Cdc42 protein became undetectable in the BM cells ( Fig. 1B ; hereafter referred to as KO).
To investigate whether Cdc42 deficiency affects HSC function, first we determined the HSC frequency in the BM phenotypically by flow cytometry. Lin Ϫ ScaI ϩ c-Kit ϩ (LSK) cells expressing high or low levels of CD34 were gated (SI Fig. 8 (15, 16) . Loss of Cdc42 led to a 2-to 3-fold increase in phenotypically defined short-term repopulating HSCs and to an Ϸ2-fold decrease in LT-HSCs (Fig. 1C) .
Adult HSCs are normally located in the BM and are mostly absent from peripheral blood (PB) or liver (7) (8) (9) 17) . Cdc42 deletion led to a drastic increase in the content of LSK population in PB, liver, and spleen, in addition to BM (Fig. 1D) . Consistent with these findings, there was a significant increase in the functionally defined progenitor cell numbers in PB, spleen, and liver on cdc42 deletion (Fig. 1E) , suggesting that HSCs were mobilized to PB and other tissues by cdc42 deletion. Poly(I:C)- treated WT mice reconstituted with Mx1-Cre;cdc42 loxP/loxP BM cells showed similar alterations of tissue distribution of LSK and progenitor cells compared with the KO mice (data not shown), suggesting that the HSC and progenitor mobilization phenotypes are intrinsic to the hematopoietic cells. Serial replating experiments further demonstrated a significantly higher proliferative potential of the KO cells as defined by replating efficiency in colony-forming progenitors (Fig. 1F) . These results indicate that Cdc42 deficiency increases the number and alters the distribution of HSCs, leading to a massive mobilization of HSCs and progenitors into peripheral circulation.
Cdc42 Deficiency in HSCs Results in Defective Engraftment. To further assess Cdc42
Ϫ/Ϫ HSC function in vivo, BM cell transplantation into lethally or sublethally irradiated recipient mice was carried out. Competitive repopulation assays combining CD45.1 ϩ WT and CD45.2 ϩ KO BM cells at varying ratios resulted in Ͻ5% KOderived PB or BM cells, whereas the control competitive transplantation using WT cells resulted in the expected genotypic ratios of the PB cells 4 or 10 weeks after transplantation into CD45.1 ϩ BoyJ recipients ( Fig. 2A) . In a noncompetitive setting, Ͻ20% KO donor-derived PB or BM cells, compared with Ͼ95% WT donorderived cells, were detected 8 weeks posttransplantation when sublethally irradiated NOD/SCID mice were used as recipients (Fig. 2B ). To rule out potential effects in these assays caused by predeletion of Cdc42, mice engrafted with CD45.2 ϩ , Mx1-Cre;cdc42 loxP/loxP , or Mx1-Cre;cdc42 WT/WT BM cells that were mixed at a 1:1 ratio with CD45.1 ϩ WT competitor BM cells were treated with poly(I⅐C), and the composition of recipient PB was monitored for up to 180 days (Fig. 2C ). The KO Gr1 ϩ and Mac1 ϩ population decreased to Ͻ5% after 25 days in these competitive settings (Fig. 2C) . The LSK population of the KO genotype in the BM also reduced to Ͻ5% 180 days after Cdc42 deletion ( Fig. 2C ), suggesting that Cdc42 is essential for in vivo HSC engraftment. Thus, Cdc42 deletion leads to an altered stem cell pool that is functionally defective in engraftment and in supporting normal hematopoiesis.
Cdc42 Deficiency Leads to HSC Cell Cycle Activation. Stem cell loss of function could be related to cell cycle malregulation (2, 4) . Because Cdc42 has previously been implicated in cell growth control (11), we tested whether Cdc42 Ϫ/Ϫ HSCs demonstrate a cell cycle or survival defect. To this end, we performed in vivo BrdU labeling in mice to determine the proliferative status of LSK cells in the BM. The percentage of cells in the S phase was significantly higher in Cdc42 Ϫ/Ϫ LSK cells than in WT cells (Fig. 3A) . In vitro BrdU pulse-labeling of isolated LSK cells also indicated that Cdc42 deficiency resulted in increased S-phase and G 2 /M-phase populations (Fig. 3B) . To determine whether the enhanced BrdU incorporation in Cdc42 Ϫ/Ϫ LSK cells is associated with an increased stem/progenitor population that is in active cell cycle, we used a combination of DNA and RNA staining by Hoechst 33342 and pyronin Y to distinguish G 0 and G 1 phases of the cells (2, 4) . As shown in Fig. 3C , Cdc42 deficiency caused a significant loss of 
Lin
Ϫ c-Kit ϩ progenitor cells in the G 0 phase and an increase in the G 1 phase. These cell cycle changes were intrinsic to the HSCs as revealed by an examination of the LSK cells from lethally irradiated transplantation recipients of Mx1-Cre;cdc42 loxP/loxP or matching WT donor BM cells after the poly(I⅐C) treatment (data not shown). In contrast to the cell cycle alterations, however, no difference in apoptosis was detected between KO and WT LSK cells (SI Fig. 9 ).
These results suggest that Cdc42 is required for the maintenance of quiescence, but not survival, of HSCs. 
failure of cdc42
Ϫ/Ϫ HSCs, we next determined whether primitive hematopoietic cells deficient in Cdc42 were able to properly engage the BM niche. Cdc42-deficient progenitors were severely impaired in their ability to enter the BM tissue in a homing assay (Fig. 4A) . The lodging ability of fluorescently labeled WT or KO BM or Lin Ϫ c-Kit ϩ BM cells in the BM was further examined by comparing their relative distance from the endosteal surface of BM 16 h after transplantation into nonirradiated recipient mice (10, 18, 19) . This analysis revealed a striking reduction of the Cdc42 Ϫ/Ϫ BM and Lin Ϫ c-Kit ϩ BM cells that localized or returned to the endosteal bone surface (Fig. 4B ). LT-HSCs, which can retain BrdU labeling over a long period (e.g., 70 days in mice) because of their relative quiescent state, are located close to osteoblastic cells lining the bone surface (8, 9) . As shown in Fig. 4C , the number of BrdU long-term retaining (BrdU-LTR) cells at the trabecular bone surface was significantly reduced after cdc42 deletion, suggesting that Cdc42 is also important for LT-HSC retention in the endosteal niche in the BM. These results indicate that Cdc42-deficient HSCs are defective in homing, lodging, and retention in the endosteal niche, which may contribute to the engraftment failure.
Cdc42 Is a Critical Regulator of HSC Adhesion, Migration, and Actin
Reorganization. To examine whether the observed homing and lodging defects of KO HSCs are associated with alterations in adhesion activity, adhesion assays of Lin Ϫ c-Kit ϩ progenitor cells to recombinant fibronectin fragments or HSCs to stroma cells were carried out. The adhesion of KO progenitor cells to both fibronectin fragments CH296 (containing both the ␣4␤1 and ␣5␤1 integrin binding sites) and H296 (containing the ␣4␤1 integrin binding site) was significantly reduced (Fig. 5A) , as was the adhesion of day 35 cobblestone area-forming cells, which likely represent HSCs, to a BM-derived stroma cell line (FBMD-1) that is capable of supporting hematopoiesis (Fig. 5B) . Moreover, the abilities of KO cells to migrate across a transwell, or across an endothelial monolayer, toward a gradient of the chemokine stromal cell-derived factor 1␣ (SDF-1␣), as well as chemokinesis, were severely impaired ( Fig. 5 C and D) . Isolated KO stem/progenitor cells were also defective in reorganizing F-actin structure on SDF-1␣ stimulation ( Fig. 5E and SI Fig. 10 ). We conclude that Cdc42 is critical in HSC and progenitor cell adhesion, directional migration, and actin reorganization, func- Cip1 and an increased level of c-Myc compared with WT LSK cells, whereas the cyclin D1 and p27 kip1 mRNA levels remained unchanged (Fig. 6A) . Either a decreased level of p21
Cip1 or an increased level of c-Myc expression could influence HSC selfrenewal and proliferation in the BM microenvironment and may cause a loss of quiescence (4, 20) . Real-time quantitative RT-PCR analysis also revealed a significantly decreased expression of ␤1-integrin and N-cadherin, but not CXCR4, molecules that have been shown to be critical for homing, mobilization, and microlocalization of HSCs (9) in Cdc42-deficient LSK cells (Fig.  6B) . These changes may mechanistically contribute to the increased mobilization and decreased interaction of cdc42
HSCs with the BM endosteal niche. Taking these findings collectively, it appears that Cdc42 controls the expression of key cell cycle and adhesion regulators and actin structure to coordinate the quiescence maintenance and the BM niche interaction of HSCs.
Conclusion
The balance between proliferation and quiescence of HSCs is likely critical in providing long-term, multilineage hematopoiesis in adult life time (21, 22) . Because HSCs need to detach from the niche where they are maintained at a quiescent state and migrate to a proliferative zone to enter into asymmetric division and expansion (23) , it is believed that HSC interaction with the niche microenvironment and HSC quiescent state maintenance are closely interconnected. The present study shows that deletion of Cdc42 reduces the number and frequency of quiescent HSCs and increases the stem/progenitor population that is actively cycling. Cdc42 deficiency also causes defective homing, lodging, and retention of HSCs in the proper BM niche, which likely results in the impaired engraftment and long-term hematopoiesis.
Together with previous characterization of the hematopoietic properties of a Cdc42 gain-of-activity Cdc42GAP knockout mouse model (13) , these results suggest that Cdc42 activity represents a critical regulator and coordinator of external and intrinsic cues that control microanatomical location, interaction with the surrounding microenvironment, and cell cycle induction of HSCs.
The current Cdc42 conditional knockout model reveals unique HSC regulatory functions of Cdc42 that are not predictable in the Cdc42 gain-of-activity Cdc42GAP Ϫ/Ϫ mice (13, 23, 24) . Although Cdc42GAP Ϫ/Ϫ hematopoietic progenitors show normal cell cycle progression but increased apoptosis due to increased JNK activity, Cdc42 Ϫ/Ϫ HSCs display drastically increased cell cycle progression/entry but unaltered survival property. Nonetheless, both Cdc42 gain-and loss-of-activity seems to alter hematopoietic progenitor actin structure and adhesion activity, suggesting that a tightly regulated Cdc42 activity is required for HSC adhesion and migration related functions such as homing, lodging, and engraftment. One aspect of the present findings is that in the absence of Cdc42, LT-HSCs are found dislocated from the ''restrictive'' niche and move to a relative ''proliferation/differentiation-promoting'' BM environment (25) . The reduced retention in the microenvironment, resulting from actin structure and adhesion defects coupled with altered expression of cell cycle regulatory proteins, such as p21 Cip1 and c-Myc, propels Cdc42 Ϫ/Ϫ LT-HSCs to enter into an active cell cycle, giving rise to increased short-term repopulating HSCs and progenitors. These effects appear to be uniquely regulated by Cdc42, because Rac1 and Rac2, two closely related Rho GTPases, are important in HSC retention in the BM niche and for HSC survival and cell cycle progression but are not involved in the maintenance of HSC quiescent state (18, 26) , whereas RhoA, another related Rho GTPase, may be involved in HSC engraftment but not retention in the BM niche (12, 27) . Whether Cdc42 plays a role in HSC differentiation into various blood cell lineages will be an important question to address in future studies. Another aspect of this study is the implication that Cdc42 function in HSCs is unique, as Cdc42 is known for neuro-stem/ progenitor cell polarity establishment and for skin stem/ progenitor differentiation into the follicle lineage (28) (29) (30) and is required for supporting cell cycle progression through the G 1 /S phase, rather than maintaining cell cycle quiescence, in mouse embryonic fibroblasts (14, 31) . The findings further suggest an avenue for manipulating the HSC cell cycle status as well as the HSC-niche interaction in future therapeutic applications.
Experimental Procedures
Mice. cdc42 loxP/loxP mice were generated in our laboratory by standard recombination procedures, using embryonic stem cells (SI Fig. 7 ). They were crossbred with Mx1-Cre mice. The protocol for poly(I⅐C)-induced cdc42 deletion is described in the SI Experimental Procedures.
Transplantation and Engraftment Assays. The BM transplantation procedures and engraftment assay procedures are described in the SI Experimental Proceedures.
Hematopoietic Progenitor Assays. The colony-forming units in culture were determined as described in ref. 13 . Colonies were scored on day 7, single-cell suspensions were made from pooled colonies, and 1.25 ϫ 10 5 cells were plated in secondary or tertiary cultures. allophycocyanin-conjugated anti-BrdU antibody by using the Cytofix/Cytoperm Kit (BD Biosciences, San Jose, CA) according to the manufacturer's instructions. Data are representative of three independently performed experiments. BM cells were stained with Hoechst 33342 and pyronin Y at 37°C for 45 min as described in ref.
2. Cells were analyzed by flow cytometry to determine the cell cycle profile. For survival assays, the apoptotic cell population was determined by annexin V staining and analyzed by flow cytometry as described in ref. 13 . The numbers are average values Ϯ SD from three mice in each group.
Homing, Lodging, and Spatial Localization Assays of Stem/Progenitor
Cells. Detailed protocols of homing, lodging, and special localization assays of stem progenitor cells are described in the SI Experimental Procedures.
BrdU-LTR Assay. The BrdU-LTR assay was performed as described in ref. 9 . In brief, mice were fed BrdU (0.8 mg/ml) in drinking water for 10 days and injected with poly(I⅐C) to induce the cdc42 deletion on the 56th, 58th, and 60th day after BrdU labeling. Seventy days after BrdU labeling, immunohistochemical staining of BrdU was performed by using the BrdU In-Situ Detection Kit (BD Biosciences) with the diaminobenzidine substrate according to the manufacturer's instructions.
Gene Expression Analysis. Real-time quantitative PCR analysis of mRNA from isolated LSK cells is described in the SI Experimental Proceedures.
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